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ABSTRACT

This program was conducted to evaluate the effect of
rotating control system damping on stall-induced control
loads and on aircraft handling qualities in stall. Such
damping was introduced in the CII-54B control system by
replacing the standard pushrods by a spring-damper assembly.
The CII-51B helicopter was chosen as the test vehicle
because it exhibits stall-induced loads.

Dynamic analyses defined pushrod stiffness and damping
characteristics required to reduce the high-frequency
torsional response of the main rotor blades. Spring-damper
pushrods exhibiting the desired characteristics were
designed, fabricated, and laboratory tested to assure that
design requirements were met. The spring-damper pushrods were
installed on a test rotor head and tested on the Sikorsky main
rotor whirl tower.

Flight tests in stalled conditions were conducted at 48,000
pounds gross weight with standard pushrods and with spring-
damper pushrods. The results showed that the spring-damper
pushrous reduced high-frequency, stall-induced rotating
control loads by almost 50%. Fixed system control loads
were reduced by 40% peak to peak. Handling qualities in
stall remained acceptable.

The program proved that rotating pushrod damping can
significantly reduce stall-induced control loads. Further
studies are recommended to evaluate potential benefits of
the spring-damyer .ishrod concept for higher speed
helicopters and tc develop practical production designs.
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FOREWORD

The design, fabrication and tests of the CII-54B pushrod
spring-dampers were performed under Contract DAAJ02-71-C-0058,
Task 1F162204AA4301, with the Eustis Directorate, U. S. Army
Air Mobility Research and Development Laboratory, Fort Eustis,
Virginia. This work is part of the Eustis Directorate program
to understand the mechanism of, and methods of, alleviating
stall-induced rotor dynamic problems.

The work was performed under the general direction of Mr.
William Nettles, Technology Applications Division of the
Eustis Directorate. Principal participants at Sikorsky Air-
craft were Walter Gerstenberger and David Adams, Project
Managers; and Robert Faiz, Charles Niebanck, Robert Blackwell,
and Harlow Smith, who participated in the design and evalua-
tion of the concept. The program was flown by engineering
test pilots Charles Reine and John Peterson and was under the
general supervision of Robert Zincone, Rotor Design Section
Supervisor and William Paul, Chief of Aircraft Design &
Development.
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INTRODUCTION

Control system loads generate one of the major limits to
forward speed and maneuvering '.apability of helicopters.
The slope of the control load buildup is often so steep that
it represents a fundamental aeroelastic limit of the rotor
system which cannot be removed by F~rengthening the entire
control system without incurring unacceptable weight
penalties. Studies of the problems reported in References
1-7 indicate that the abrupt rise in control loads is caused
by a rapid buildup in the high-frequency blade torsional
moments. Stall-flutter is a contributing factor to these
high-frequency moments. In forward flight, the angles of
attack on the retreating side of the rotor exceed steady-
state stall values and under these conditions the unsteady
aerodynamics can induce negative damping, which, in turn,
produces pitch oscillation of the rotor blade. Low or
negative torsional aerodynamic damping on the retreating side
also makes the blade mure responsive to rotor loading
harmonics which are close to the blade torsional frequency.
The end result is rapid buildup of higher harmonic control
loadr- during maneuvers and high-speed flights.

The response of the rotor system is usually not unstable,
because the blades are moving into and out of the negative
damping region once per revolution. However, during
maneuvers in which a significant portion of the rotor disc
is deeply stalled, very large oscillations can exist
(Reference 7).

Efforts to understand the problem have centered on defining
unsteady aerodynamic characteristics of the blades in stall
(References 6 and 4) and on incorporating these data into
blade aeroelastic computer analyses (References 6 and 9).
Results of these studies are encouraging. The buildup of
control loads and high-frequency stall-induced loada is pre-
dicted with reasonable accuracy.

Recognizing that the basic cause of the problem was
insufficient pitch damping, the Eustis Directorate comple-
mented their analytical programs by contraction with Sikorsky
Aircraft to evaluate the effects of pushrod dampers on con-
trol loads of the CH-54B helicopter. The CH-54B helicopter
was well suited for the study since it exhibits high-
frequency stall-induced control loads during maneuvers and
maximum speeds at 48,000 pounds gross weight. Rotating
pushrod dampers were used instead of fixed syntem damping
because they provided damping directly at the blade attach-
ment. The basic pushrod dimper concept is shown in Figure
1. It consists of a pistoi that is restrained and sealed
in a cylinder by two elastimeric bushings. As the spring-
damper operates, all charjes in damper length are the result
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of longitudinal shear deflections of the elastomeric bushings.
The piston contains passages that restrict the flow of
fluid and generate differential pressure on the piston.
An air-fluid accumulator system allows for expansion and
contraction and prevents cavitation.

The study to evaluate this concept was in five phases:

Phase I Analytical Design
Phase II Functiorsal Design
Phase III Ground Tests
Phase IV Flight Tests
Phase V Analysis of Performance

33



DISCUSSION

ANALYTICAL DESIGN

Part 1 - Description of Analytical Procedure

An aeroelastic analysis of the ClI-54B rotor was performed
to evaluate the effectiveness of spring-dampers in reducing
the control loads dssociated with retreating blade stall-
flutter and to evolve design criteria. The primary mathemaatical
tool used was the Normal Modes Aeroelastic Blade Analysis.
This analysis, which is described in detail in Reference
8, represents blade flatwise, edgewise, and torsional
elastic deformation by a summation of normal mode responves
and performs a time-wise integration of the modal equations
of motion. In Che analysis of a steady-state condition,
the equations of motion of a single blade are integrated
through several rotor revolutions until the predicted
motion becomes cyclic within a specified tolerance. This
analysis can also be used to study blade transient response
following a control input or disturbance. Aerodynamic
blade loading is determined from airfoil data tabulated as a
function of blade section angle of attack, Mach number, and
first and second time derivatives of angle of attack. As
demonstrated in Reference 9 (prepared under USAAVLABS
Contract DAAJ02-71-C-0003), this aeroelastic analysis is
capable of predicting the control loads caused by stall
flutter when unsteady aerodynamic effects and nonuniform
rotor inflow are taken into account. Accordingly, unsteady
aerodynamics and a nondistorted helical wake inflow were
used throughout this investigation.

The version of the Normal Modes Program used for this study
is a single-blade, fixed-hub analysis. The assumptions are
made that all blades are identical and encounter the same
loads at given azimuthal and radial positions and that blade
forces and moments do not cause hub mot'on. Any phenomena
which are related to nonuniformity between blades or to the
effect of hub motion on blade response are not described by
this analysis. Consideration of these phenomena was beyond
the scope of this effort.
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For a blade restrained at the root by a nushroom, the first
step in the aeroelastic analysis is the calculation of the
undamped natural frequencies and inodes for a blade rotating
in a vacuum. In order to analyze the spring-damper/blade
system using the normal modes procedure, the damped free
vibration modes ane freauencies wpre calculated based on the
model shot'm ir via-ire 2. The torsional system was repre-
sented bv fifteen elasticallv connected lumped inertias
restrained in torsion by a spring-damper at the blade root.
The eicenvalues and eiqenvectors of th'! system response were
calculated usinq a Laqyranqian formulation of. the eamned free
vibratinn e nuations. A ridial mode share, natural freuencv
and modal dampincr ware calculated ant, used in the forced
resnonse aero-lastic solution.

4 4 ROTOR BLADE

-• - - -15

K3

K

4 CONTROL •YITEMI C
7-C

mI

1 'i'iure 2. Schematic of thie Thrinn-.'a~ner
•rpo Vibration .Pro~le'.
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Part 2 - Calculation of the C11-54B Spring Damper Behavior

The first step in analyzing the behavior of the CH-54B spring-
damper was to employ the free vibration analysis to determine
the general relationship between the properties of the damper
itself and those of the blade first torsional mode. Figure 3
shows the variation of blade first torsional natural frequency
and percent critical damping with changes in the spring and
damping constants of the spring damper. (For reference, the
selected damper configuration, which has an elastic stiffness,
KD, of 5000 lb/in, and a damping constant, CD, of 90 lb-sec/in.,
is denoted by a solid symbol.) Three trends are evident from
this figure:

1. For a given damper spring cr:w.t, KD, high levels
of damping can incre- -c;(! root dynamic stiffness
enough to result . torsional natural frequencies
which ari :Iov÷ LO those obtained with a rigid pushrod.
It is _%.ear from Figure 2 that as the damping constant,
CDr is increased, the damper spring is effectively
bri.dged so that the torsional natural frequency
approaches te standard pushrcd value (7.4 per rev.)

2. For each spring constant, KD, a specified value of
the damping constant, CD, maximizes the model damping.
Increasing or decreasing the damping constant decreases
the percent critical damping ratio of the torsional
vibration.

3. The variation in the percent critical damping param-
eter with damping constant is relatively gradual, so
small manufacturing differences between the six
production dampers will not cause great differences
in first torsional mode damping.

6



4-r

... ... 0..

*~$ C

0 r-
to $4It

.4.

7 ~--:-i-

.1~ 0 a

0 I0

C4 44

41/l 11) s--j--tL X -I V3I,- H'ONUS



Table I ahows the natural frequencies and damping ratios for
ten possible damper configurations which were analyzed using
the Normal Modes Aeroelastic Blade Analysis.

TABLE I. NATTIPAL FREQtEY1NCY AND T)API(-"
VALUES 1OR NORMjýAL MOIES CASES

Sprinq-Damper Spring Rate, KD, lb/in.

(Standard
4•0 ~ 5000 8500 Pushrod)

Spring- 0 C/CC = 0 C/i = 0 C/CC = 0 C/CC = 0

Damper w/P. 4.84 = 5.15 V/ = 5.90 w/Q=7 .4
Dampinc-
onstant, 35 C/C 0 = 0.194 C/Cc = 0.096

C), -- n •n= 5.43 W/1. = 6.05
lx,-sec/i.•

55 - C/CC = 0.264 C/ CC = 0.137 _
w/n = 6.05 w/R = 6.25

90 - C/Ce = 0.203 C/Cc = '1 154

w/ = 7.01 W/P. = 6.81

L



Figure 4 shows the pushrod loads measured for a CH-54B with a
gross weight of 47,000 lb at 110 knots, 100% NR #t sea level.

LEVEL FLIGHT

±850 lb

LONGITJDINAL CONTROL INPUT

0

0
IIr

4300__

BANKCED RIGHT TURN

Figure 4. Measured CH-54B Pushrod Load Time-Histories,
Structural Substantiation Flight Tests

For steady level flight there are no high-frequency retreating
blade moments, but when rotor lift is increased either
following a longitudinal stick pulse or in the execution of a
turn, vibratory pushrod loads grow to +3000 lb. Prior to the
prediction of the effects of the spring-damper, the steady-
state right turn was simulated with the standard CH-54B blade
properties, mode shapes and natural frequencies. To model
the increase in rotor lift experienced in the turn, a
quasi-steady condition with collective pitch of 15 deg and
shaft angle of -1.8 deg was used. This led to a calculated
lift of about 60,000 lb and propulsive force of 3300 lb.
The flow field induced in the rotor disc by the helical
pattern of trailing tip vertices was calculated using the
Non-Distorted Wake Geometry Analysis. The pushrod load
which results from the normal modes calculation is compared
with flight test results in Figure 5. Although the

9
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calculated pushrod load shows a significantly greater steady
nose-down load, the vibratory amplitude and frequency content
of the analytical result match the test quite closely.

MEASURED PUSHROD LOAD

" .•"• '.. +3000 Ib

0

AINALYTICAL PUSHROD LOAD

u'/1

N+ 310 II\
0 90 I80 270 0 90 180 270

TAIL NOSE TAIL NOSE

AZIMUTH, DEGREES

Figure 5. Comparit.•'; of Test and Analytical Pushrod Load.

To study the effectiveness of the spring-damper in reducing
vibratory control loads, the flight condition described above
was simulated us'ng each of the spring-damper configurations
listed in Table I. Each of these cases was run with the same
control settings as the standard case. Also, the calculation
procedure was simplified by assuming that the induced
velocity field calculated from the standard flight condition
was a good approximation of the flow fields of each of the
spring-damper conditions.

10



riqure 6 sum~marizes the variation of stall-Flutt.er control
load xm~plitu'-e con~nutna for eich of the damper confiqurations
studied.

STNADPLSHROD:i , 1:4

0 KD=8500 LI/IN. L

6 -.SELECTD- J-
z

CONFIGURATION
~~KD=4000 LB/IN. z

KD5000 LB/IN.'

20 40 60 so 100 120

SPR:NG DAMPER DAMPING CONSTANT, CD, LB SEC/IN.

Fiqurc~6 F. ff ect of Snrinq-Dartner Parameters
on the Arn~nitudoe n-- Vibratory Control

it i.s clear that (1) dartininq at the hla-1e root is effective
in reducin'- control loads for a aiven root stifýfness and
(2) re ur-ina root st-iffness tendls to rlpcri~ase the loads for

a iiven darioina constant (a' least for the ranges investigated).
On ;--li basis 01 t'v'seý rn~sults 4n,1! iechanical desiqn considera-
tiorns, a Aar-rer co ricruration was sflrecte' I hich had an
elastic stiff-;ness o4 5fln0th/na) a ',anninc constant of
90 lb)-sec/in. It should also h-e notes4 that this confiquration.
produicer2 a torsional frequency close to that of the standard
blade.



Figure 7 compares the control loads calculated for the
standard pushrod and for the selected spring damper. For
the selected configuration, the free vibration analysis gives
a torsional frequency of 7 per rev and 0.20 critical damping
ratio. Figure 7 shows approximately equal amounts of I per
rev variation occuring in the two control load time histories
since the pushrod spring-dampers do not affect the low-
frequency torsional motion. As a result, the overall peak-
to-peak control load is reduced by only about 25%, while
the high-frequency (7-8 per rev) retreating blade 3ontrol
loads which the dampers are designed to attenuate are reduced
by more than 50%. It is the high-frequency loads that cause
the 6 per rev control system loads in the fixed .ystem.

Calculated time histories if damper load for two of the other
possible damper configurations are shown in Figure 8. The
first condition (KD = 5000 lb/in., CD = 0 lb-sec/in.) would
result if the damper fluid were lost. The main effects to be
noted are a decrease in torsional frequency from 7 per rev to
about 5 per rev and an increase in the vibratory retreating
blade control load from +1475 lb to + 2250 lb - a value which
is still less than that obtained with the standard pushrod.

The second condition (KD = 8500 lb/in., CD - 90 lb-sec/in.)
represents an increased spring rate which could result from
the "Mullins Effect" in the rubber elastomer. This effect is
an increase in spring rate with increasing frequency, and is
presently not well defined. The torsional frequency in this
case is reduced to 6.9 rev and the load is +1850 lb - still
a substantial reduction over rigid pushrods.

Part 3 -Smmr

Table II summarizes the spring-damper configurations which
were simulated using the Normal Modes Program. The amplitudes
of both the overall blade root torsional moment and the
stall-flutter moment are shown for these cases.

In summary, the analytical results discussed above indicated
that the stall-flutter pushrod spring-damper would be
effective in reducing control loads and would not be
susceptible to instability due to loss of fluid.

12
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%ABLE II. I-OR!'AL .OD-ES SPRING DPIPER CtSEC!1-5.

Case *D D /g C Inflow 975 Stall- Ov,
No. (lb/in.) (lb/see/in.) (deg) Flutter Root

Root iorn. Momen
(±in.-Ib)

Standard

I Pushrod 7.44 0 Constant 12.5 9,500 -7,8

Standard
2 Pushrod 7.44 0 Constant 15.0 13,832 -15,5

3 6000 55 6.05 .214 Constant 15.0 4,800 -15,1

4 8500 55 6.25 .137 Constant 15.0 7,330 -13,5

5 8500 35 6.05 .096 Constant 15.0 8,000 -19,4

Standard ilondistorted
6 Pushrod 7.44 0 Wake 15.0 26,500 -15,9

Nondistorted
7 5000 0 5.15 0 Wake 15.0 18,850 -12,8

Nondistorted
8 5000 35 5.43 .194 Wake 15.0 13,000 -13,2

londistorted
9 5000 55 6.05 .264 Wake 15.0 11,000 -14,4

liondistorted
10 5000 90 7.01 .203 Wake 15.0 13,000 -15,8

Nondistorted
11 8500 0 5.90 0 Wake 15.0 31,500 -15,0

Nondistorted
12 8500 35 6.05 096 Wate 15.0 20,750 -14,7

Nondistorted
13 8500 55 6.25 .137 Wake 15.0 17,40-,

Ncndistorted
14 8500 90 6.81 .154 Wake 15.0 15,400

Nondistorted
15 4000 0 4.84 0 Wake 15.0 17,500 -12,C
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.54B

c In C nf! Ow 975 StallI-T (deg) Flutaer Overall Lift Prop. Power
)ve d Root Torsional (1b) Foree (lp)0Root ?lom. M!oment in. - b) (1b)S -- -- -- -- i n .-b

"71.44 0 Constant 12.5 9,500 -7,870 ±10,786 56,709 5169 6914

,870
7.44 0 Constant 15.0 13,832 -15,530 ±22,892 63,962 2404 9146

530, 6.05 .211; Constant 1:.O 4,8oo -15,100 ±16,100 62,531 3109 9087
110 6.25 .137 Constant 15.0 7,330 -13,550 t16,450 62,772 2820 8807

56.05 .096 Constant 15.0 8,000 -19,491 t21.569 63,475 3185 88&O
1491 NondistortedT.44 0 Wake 15.0 26,500 -15,911 !27,854 6o,6i6 3255 8543

Nondistorted
5.15 0 Wake 15.0 18,850 -12,800 ±23,200 56,538 4281 6890

Nondis.orted
5.43 .194 Wake 15.0 13,000 -13,228 ±?7,976 59,012 3742 7391,22 'ondistorted

6.05 .264 Wake 15.0 11,000 -14,450 118,560 60,316 3435 8271
1450 Nondistorted

.01 .203 Wake 15.0 13,000 -15,880 ±19,430 6o,8o6 3091 8720
88o bNondi .torted.90 0 WE~e 15.0 31,500 -15,050 ±31,500 58,516 3957 7557
,050 i'ondistorted

.05 .096 Wake 15.0 20,750 -14,787 ±17,447 59,929 3681 7635
J8 Nondistorted

.25 .137 Wake 15.0 17,400 -14,500 ±19,170 60,891 3341 8029500~ Nondistorted
.81 .154 Wake 15.0 i5,4o00 -15,830 ±20,350 61,098 3338 8588

Nondistorted
i84 0 Wake 15.0 17,500 -12,078 ±21,351 54,782 4252 6542

,078



FUNCTIONAL DESIGN
Design equirements

The aeroelastic analysis indicated that spring and damping
introduced at the blade root in the rotating system could
significantly reduce stall-induced loads. The most favorable
location for a blade root spring-damper is at the pushrod
connecting the rotating swashplate to the blade horn, since
the existing pushrod may be replaced easily with the spring-
damper. It was determined that a spring-damper device
could be fabricatud to replace the conventional pushrod,
provided that the restrictive size limitations could
be met. The use of an elastomer as the prim"*y structural
member met the size and spring rate requiremznts.

The design requirementsi based on the aeroelastic analysis
and the planned test programs, are summarized as follows:

• Replace Conventional Pushrod
2 Life - 50 hr
• Load - +5000 lb
. Spring Rate - 5000 lb/in.
. Damping Rate - 90 lb-sec/in.
0 Maximum Elastic Deflection - - 1/2 in.
. Adjustable for Rotor Tracking'
* Fail-Safe Design

Principles of Operation

The final configuration of the stall-flutter spring-damper
pushrod designed to meet the above requirements is shown in
Figures 1 and 9.

The concept consists basically of a piston restrained in a
cylinder by two natural rubber elastomeric bushings which
provide the required spring rate. The bushings, shown in
Figures 10 and 11, are mounted in parallel, t1hereby providing
a fail-safe design. In addition, physical stops are
incorporated to limit spring-damper deflection to + 1/2 inch
in the event of overload or complete rubber failure. No
sliding action takes place as the spring-damper is deflected.
Elastomeric elements were chosen because of their high
allowable strains, integral hydraulic sealing, and compactness.
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rigure 1.Outer Bushinge Fatigue Test Item.
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Damping is obtained by displaoement of fluid through orifices.
The *orifice" passageways, shown in Figure 1, connect three
chambers together. The small area side of the spring-damper
cylinder is hydraulically connected to the large area side
by means of slots cut across the "piston head", or large
bushing. These slots are shewn in Figure 11. The laa-ge area
side is connected in turn to a mplenum chamberm by orifice
holes and two check valves. These can be seen in Figures
13 and 14.

The plenum chamber was originally designed to house an
integral air-oil accumulator to accept the fluid displaced
by motion of the spring-damper, which is basically an unequal
area cylinder. When the integral accumulator was found to
be inadequate, provision was made to have all dampers
connected to three accumulators by means of hoses (Figure
15). Each of the three accumulators can accept a 3-cubic-
inch fluid volume change, which would not normally
be sufficient, since each of the six spring-dampers
can displace 3 cubic inches of fluid. However, the
combination of all six plenum chambers into one ring
of hoses and accumulators allows each damper to exchange
fluid with the others. The plenum pressure is therefore
maintained at a relatively constant, low value, governed
by the amount of precharge on the air side of the accumulator
system.

When the damper is being extended, fluid pressure increases
on the small area side and decreases on the large area side.
The resulting pressure difference across the large bushing
forces fluid through the slot orifices, producing damping;
i.e., the spring-damper force (resulting from the
differential pressure) is proportional to piston velocity
(which is proportional to the orifice flow rate). Since the
fluid displaced across the large bushing during extension
i not sufficient to fill the large area side, additional
fluid from the plenum chamber is introduced to prevent
cavitation. The check valves are oriented to open in
response to the differential pressure generated during
spring-damper extension, thereby providing an ample flow
path. This flow is assisted by a positive plenum pressure
maintained by precharging the accumulator system air side
to 53 psig.
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SPRING DAMPER PUSERODS (6)

3/8" MEDIU!4 PRESURE FLUID CHARGING PORT
AIRCRAFT HOSE AND PRESSURE TRANSDUCER

AIR CHARGING PORT. STAINLESS
(55 PSIG PRECHARGE) TUBING

ROTOR BLADE AXIS (TYPICAL)

BENDIX P/N 5c604;5-6 PISTON TYPE
CENTER OF ROTATION ACCUMULATORS (3)

rigure 15. Rotor Head Installation Schematic.
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When the sprinq-demper is being compressed, fluid pressure
decrease'0 on the small area side and increases on the large
arep side. Thp check valves are held closed bh, the pressure,
and meterina o fluid occurs through both sets of orifices -
across the laroe -usbinq and through the orifice plate.
These orifices are siznd so that lo.r to the snall area side
is restricted les- than flow into th- .lienur chamber,
thereby nrevnn'-.,nn cavitatinn on the small area side.

Structural Desian

SThe basic objective of tha structural design effort uras to
produce a nushrod spring-darier that is at least as strong
in fatigue as the conventional CH-54B rigid pushrod. This
obi,•ctive was attained and later sul•stantiatpd in laboratory
fatigue tests.

The basic structural analysis is presonted in the apnendix and
is suxnmarizeO bplow an(' in Tahle III.

Metal Components

Sxcept for the elastomeric bushings, all structural components
are machined from 4340 steel, heat treated to 15n,000 psi
ultimate strength. The orifice plate (aluminum) is not
considered structural, since failure will only result in
some loss of damning, without reducing the structural
integrity of the spring-damper. The analysis of thiscomponent is therefore not included.

The fatique mode of f.ailure of the existing CH-54B rotating
control rod is at the root of the 7/8 - 32 rod end threads.
The structurally similar snring-da-mper rod erd has an
increased diameter at the critical area and has a strength
increase of 80% over the nroduction rod ends. Different
thread pitches are used on each of the sprinq-damper rod
ends in order to allow fine adjustments of blade track.

The spring-damper end cap, originally intended to house an
integral air-oil accumulator, now incorporates two welded
hydraulic fittings, as shown in riqure 9. An earlier version
of the welded fittings installation is shown in Figures 13
and 14. This design change resulted when it was found that
the integral accumulator was of insufficient volume to
adequately handle the mechanical and thermal volume changes
of the damper.
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The welded end cap design was subjected to a "cone analysis"
to determine the loss in fatigue strength over the original
component. This analysis, outlined in the appendix, indicates
that the fatigue strength of the welded end cap is at least
equal to that of the production pushrod. The analysis is
necessarily conservative, due to the statistical nature of
wele:ed structural joints in fatigue.

Elastomeric Bushings

The elastomeric bushings are sized primarily to produce the
required spring rate within allowable stzains. Adequate
information on the fatigue properties of rubber under these
conditions was not available, and substantiation of the
required strength was left to the lahoratory fatigue tests.
The elastomeric material chosen initially was Buna-N rubber
and was molded into the metal sleeves by Nichols Engineering
Co., Shelton, Conn. This rubber failed in fatigue during
initial testing, and a change to natural rubber was made.
This elastomer was found to have adequate fatigue strength.

The spring-damper elastomeric installation is designed to
maximize fatigue life tirough the use of precompression; that
is, the rubber bushing assemblies are compressed radially
when they are pressed into the housing. The metal outer
sleeves of each bushing assembly are slotted (Figures 10 and
11) to allow this radial compression. The cylinders in the
main housing which accept the bushing assemblies are shown
in Figure 12.

Precompression i-tproves the fatigue strength in two ways.
First, the rubber-to-metal bond is improved, simply because
a large amount of friction is generated to assist the bond.
Second, areas of tensile stress in the elastomer are
minimized and it is known that fatigue cracks in elastomeric
structural members originate in areas of surface tensile
stress.

Hlydraulic Fluid

The change from Buna-N to natural rubber also necessitated
a change from conventional MIIL-H-5606 hydraulic oil as the
damper fluid, since it is not compatible with natural rubber.
A water/ethylene glycol solution was chosen as a test fluid
because it is compatible with natural rubber and has
adequate properties as a hydraulic fluid. The solution was
mixed to provide a -lo1F freezing level.
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GROUND TESTS

The structural adequacy and performance characteristics of the
stall-flutter spring-damper design were determined in a
ground test program consisting of: (1) single unit qualifica-
tion/fatigue/performance tests, (2) a simulated centrifugal
load performance test, (3) a welded end cap fatigue test, (4)
flight unit proof and acceptance tests, and (5) an installed
system whirl test. The successful completion of all phases
of this program provided the necessary confidence to proceed
with the flight test program.

Part 1 - Single Unit Qualification Tests

The purposes of the qualification tests were to:

* Develop the performance characteristics of the
spring-damper pushrod to the required levels.

. Obtain operating anj structural data.

. Demonstrate structural adequacy of the spring-damper
pushrod eesign for the planned flight tests by an
accelerated fatigue test.

Test Facility

The test was conducted using a test fixture installed
in the Sikorsky 200K universal rotor blade fatigue
test machine (Figures 16 and 17). Axial loading of the
spring-damper was accomplished by a hydraulically driven
eccentric working through a series spring. The
eccentric throw was varied to obtain the required loads,
and eccentric speed was varied from 0 to 1200 rpm
(20 Hz). Measurements were made of spring-damper load,
displacement, temperature, and fluid rressure.

Development Tests

The test conditions selected for the first runs on the
first qualification test item were: loads up to
+5000 lb, displacements up to +1/2 in. (damper limits),
Fnd frequencies up to 20 Hz.
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Several design problems were uncovered during these
runs, including external leaks, high dynamic spring
rate, inconsistent damping rate, loss of precharge, and
partial rubber failure. To correct these problems,
improved sealing provisions were made and the internal
accumulator concept was abandoned in favor of an
external accumulator plumbed through hydraulic fittings
welded on the end cap. The implementation of these
changes produced the required damping characteristics
when the redesigned damper was retested. but a rubber
fatigue failure was encountered after several minutes
running at che maximum dynamic condition. To solve
this problum, the Buna-N rubber was changed to natural
rubber which has superior fatigue properties. The
incompatibility of natural rubber with hydraulic oil,
howevei, necessitated a change in the damper fluid
to a water plus ethlene glycol (Prestone) mix. The
freezing point of the mix was chosen to be -100F.

At that point the damper configuration was fixed as
follows:

Test fluid - water and Prestone, -109F
Rubber - natural
Accumulators - external, 60 in. 3 bladder type
Precharge - 55 psig

Fatigue Endurance Tests

An estimate of the flight test loading spectrum was
made, based on the flight test plan, and is shown in
Figure 18. The endurance test spectrum is also
shown in Figure 1 . This s~ectrum is accelerated in
both load and life. Loads of up to + 6000 lb were
applied, and 38 times the expected flight cycles were
applied at stall-flutter load levels. The total test
cycles exceeded the flight cycles by a factor of 6.

The frequency used in all testing was 17 to 20 cps.
Test runs were limited, at the high loads, by the
damper temperature rise. Temperatures as high as
2359F were enco,.,ttered after a few minutes running.
(the rubber is knon to deteriorate at 300*F). High
temperatures were not expected in flight due to the
brevity of the stall-flutter phenomenon, the lower
loads and displacement, and better cooling due to
airflow and lower ambient temperatures.
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At the completion of all testing, teardown and magnaflux
inspections showed no evidence of structural failure,
excessive deterioration, or wear. Posttest condition
of the damper parts is shown in Figures 10, 11, 12, 13,
and 14.

Part 2 - Simulated Centrifugi. 'oad Performance Test

The purpose of this test was to determine if the centrifugal
field in which the spring-damper operates had any effect on
its performance. The test was accomplished using the
reassembled fatigue test damper mounted in the endurance
test machine.

The calculated side load was 300 ib, but a 400-lb load was
actually used in the test. The loading strap and cable is
shown in Figure 17. A short run at maximum load and frequency
was made and the performance of the damper was measured.

No nvidence of any change in damper characteristics was noted
due to the application of the side load. Disassembly of the
test damper showed no evidence of interference, wear, or
abnormal deflection.

Part 3 - Welded End Cap Fatig,.e Test

Although a welded-port end cap had been substantiated as
part of the single unit qualification test, it was not of
"production" design or quality. The flight version of the
welded end cap is far superior in fatigue strength to the
earlier test version, but since some weld porosity was
indicated by X-Ray inspection of these welds, another test
was indicated. Of the seven welded end caps available, the
one with the most porosity was selected for the fatigue test.

Test Program

The test was set up ±n an IV-20 fatigue test machine*
as shown in Figure 19. Loading was accomplished axially
at 1200 cpm with an initial level of +4000 lb. After
2.3 million cycles with no failure, the load was
increased to +4700 lb. After an additional 108,000
cycles with n6 failure, the load was incrreased to
+5900 lb. After an additional 8400 cycles at this
revel, the test rod end cracked at the spherical joint.
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Pigure 19. E~nd CaD Weidment Fatigue Test Setupoin an iV-20 F'atigue 'rest Machine.
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At that point, the entire test article had been
substantiated and the rod end failure had occurred
at levels known to be well in excess of the required
endurance limit. In order to obtain crack initiation
and propagation data on the welded ports, the test was
continued with a new rod end. However, after an
additional 600,000 cycles at +6000 lb load, a failure
of the test machine hardware occurred and the test was
terminated.

Test Results

A cumulative damage calculation was performed on the
test data, and the results are shown in Figure 20. A
mean endurance limit of +5600 lb and a working
endurance limit of +3800--b were verified in these
tests for the weldeN port end cap.

In conclusion, this fatigue test demonstrated that the
welded end cap and the rod end have fatigue strengths
far in excess of that required to complete the 5-hour
flight test.

Part IV - Flight Units Proof and Acceptance mests

Test Program

The six spring-damper units to be used for the flight
test program were assembled in a configuration identical
to that of the qualification test item, with complete
inspection by Sikorsky Quality Control. Each unit was
then subjected to static proof loads of +5000 lb and
their spring rates were measured. The average spring
rate was found to be 5158 lb/in. with an average
deviation of +4%.

A dynamic performance test was then performed on each
of the flight units using the same test fixture as
was used for qualification testing. A short run to
+4500 lb load at 18 cps was accomplished, with load and
deflection being recorded for each unit. The average
damping rate was found to be 90.3 lb-sec/in, with an
average deviation of +11%. The average dynamic
spring rate was found to be 10,573 lb/in. with an
average variation of +9.3%.
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Conclusions

The above characteristics are considered acceptable,
although the damping rate is higher than that found for
the qualification unit. This can be attributed to the
smaller accumulator setup used in these runs, which
is more representative of the aircraft installation.
These characteristics were used as one of the test
cases in the aeroelastic analysis, and it was found to
be a stable configuration.

No problems or abnormalities were found with the six
spring-dampers in any of these tests.

Part 5 - Installed System Whirl Tests

The purposes of these tests were to:

. Examine the basic stability and safety of the stall
flutter damper system.

. Obtain experience with the installation and with
blade tracking.

Deter•rine if the system were stable following loss
of precharge air or test fluid due to leakage.

Determine the torsional natural frequency of the
installed system.

Blade Balance

Prior to installation on the whirl tower, the six rotor
blades to be used for flight test were subjected to
dynamic blade balancing on the Sikorsky 4000 hp blade
balance test stand. Each of the six flight blades was
"balanced" against two "master" balance blades, using
master blade tolerances. This procedure, which uses
one-half the production blade tolerances, was conducted
as a contingency measure due to the possible sensitivity
of the spring-damper installation to rotor tracking
problems. The dynamic pitching moments of the six blades
were thereby closely equalized, reducing as much as
possible any potential tracking problems. Further
investigation would be required to determine whether
or not production blade tolerances would oe adequate.
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Installation

The six flight blades, the six flight dampers and the
three accumulators and associated hydraulic lines were
installed on the test rotor head on the Sikorsky 10,000-
hp main rotor whirl test stand. The installation is
shown in Figures 21 and 22. Bleeding and precharge
procedures were developed and the system checked for
leakage. Instrumentation was installed to measure
blade stress and motion, and spring-damper load,
displacement, and pressure. In addition, the test
facility systems to measure torque, power, shaft
bending, vibratory side force, and blade track were
checked out.

Rotor Tracking

With the spring-damper system in standard configuration
and 55 psig air precharge, the test rotor was started
and accelerated slowly to 185 rpm (normal operating
speed). All parameters were normal, but the rotor
was four inches out of track. After shutdown, pushrod
length adjustments were made and the rotor was run again
for a tracking check. A total of four tracking runs
was required to reduce the total track spread to
1 inch, about the best that could be achieved with
the spring-damper installation.

Standard Configuration Test

With the rotor tracked and 4-be spring-damper system in
standard configuration wi :5 psig air precharge,
each of the following test " uditions was run at
185 rpm (normal operating peed) for' at least 1
minute. The thrust and flapping values used are well
in excess of those expected in the Ulight test.

. Low thrust, low flapping

• 55,000 lb thrust, low flapping

* 55,000 lb thrust, + 40 flapping

. Low thrust, + 8@ flapping

55,000 lb thrust, + 80 flapping

In addition, a run was made at 204 rpm (CH-54B rotor
redline) at flat pitch for 1 minute.

39



Aw4

4' E-4

'.440

~= $

'4 V4 0

40



- me

*0
Eu
0

5.4
C
4.J
0

5.4
.r4

C

lv
a:

r4

4J
U)
C
H

$4

('4
(4

4)
5.4

U'
*14

43.

- - - - - � � � r<n�-,r4i



7 , 7 , 7 7.. ..... -% - . - -. --

No indication of instability, high blade stresses, or
high contzol loads was observed in any of the above
test conditions. In fact, stresses and loads were
observed to be somewhat lower than the levels generally
found in this type of test. Spring-damper displace-
ments were also low, about 1/16 in., reflecting the
low control loads.

Both the air and fluid pressures in the spring-damper
hydraulic system were measured. These, of course,
would have the same mean value (unless the accumulator
pistons were bottomed), but the fluid pressure did
show a much greater sensitivity to "vibratory"
pressure changes. In view of this result, the air
pressure measurement was considered unnecessary and
was deleted from flight test measurements in order to
conserve slip-ring channels. The fluid pressure alone
is sufficient to determine system hydraulic performance
and integrity.

The rotor track was found to have up to a 4-in. spread
at the high thrust, high flapping condition; this is
acceptable since values close to this level often occur
with rigid pushrods at this condition.

"Failure Mode" Testing

Leakage on either the air or the fluid side of the
stall-flutter damper hydraulic system can cause a
loss in damping, although the pure spring rate
is unaffected. Two whirl test runs were conducted,
first with the air side vented and then with the fluid
side vented. All of the test conditions run with the
standard configurations were repeated for both the
"loss of air" and "loss of fluid" configurations.

Again, no indication of instability, high blade
stresses, or high control loads was observed in any
of the test conditions. Changes in stresses, loads
or damper displacement due to loss cf fluid were
negligible. Rotor track was as good as in the
standard configuration.
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Natural Frequency Determination

The Sikorsky main rotor test stand has the capability
of applying vibratory control inputs to the test rotor
head, thereby allowing determination of rotating
natural frequency intercepts. The excitation is in
the form of stationary swashplate vibratory tilting
motions whiih result in vibratory blade angles. This
blade-angle oscillation is sufficient to excite the
torsional, edgewise, or flatwise modes of blade
response. The frequency of excitation is synchronized
to the rotor in terms of specific multiples of rotor
speed. The natural frequency is then found by sweeping
rotor speed through the area of interest while
observing for a buildup in blade stress and/or control
load. This normally indicates a natural frequency
point, the mode being determined by which blade strain
gage shows the buildup.

In the case of the stall-flutter damper installation,
a torsional natural frequency of about 7 per rev at
185 was predicted by analysis, using the measured
characteristics of the flight test spring-dampers.
In order to generate this frequency of excitation in
the rotating system, the stationary system excitation
was set for 6 per rev (n-l).

A nominal condition of 3000, +30 of flapping was
used during these shake runs. The rotor speed range
used was 150 to 200 rpm and tne amplitude of
excitation was about +.150 in. at the damper-swashplate
connection.

When these test conditions were applied, no buildup
in blade stress or control load was observped in the
torsional mode. Soma small response was nt•ted in spring-
damper system fluid pressure and displacement
indicating that the system responded at 7 per rev.
In order to check for a lower harmonic response, the
excitation was changed to 5 per rev and again no buildup
of blade stress or control load occurred. Some small
pressure and displacement response was noted at 6 per
rev. It can therefore be concluded that the system
torsional natural frequency is the predicted 6 to 7 per
rev, since a lower natural frequency would have caused
responses at 5 and 4 per rev in thest tests. Due to the
lack of a blade stress buildup, no more quantitative
conclusion can be reached.
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FLIGHT TESTS

The performance of the stall-flutter spring-damper pushrod
system installed on a CH-54B helicopter was evaluated in a
series of flight tests consisting ';f: (1) base-line flights
of the CH-54B helicopter in stan.'..,K configuration, and
(2) comparison flights with the si.ring-damper system
installed. The flight prograu was successfully completed
and control loads in deep stall were significantly reduced
as a result of the spring-damper installation.

The flight test of five hours was necessarily limited in
scope. The investigation was limited to the feasibility of
the damper -.nd did not extend to an extensive evaluation of
the overall effect on the CH-54B operating envelope. The
limited tests that were made to measure vehicle performance
and stability were performed to insure that no problems which
made the damper totally unacceptable were overlooked.

Part 1 - Base-Line Flights

The purposes of the base-line flights were to:

. Obtain base-line performance data on control F.nd
rotor head loads during deep stall for compari'son
with later data.

. Check out the aircraft and systems after a long
period of inactivity.

• Refamiliarize the program's personnel with the
stall-flutter phenomenon.

Description of Aircraft

The aircraft used in this program was a bailed Army
CH-54B, which is described gererally below:

Helicopter Type: S64F/CH-54B
Aircraft Number: 18462
Engine Manufacturer: Pratt and Whitney Aircraft
Engine Type (2): JFTD-12A-5A
T.O. & 30 Min. O.E.I. 4800hp
Maximum Continuous 4430 hp
Number of Main Rotor

Blades: 6
Main Rotor Speed 185 RPM
Blade Type: Constant Chord, NACA 0011

Mod.
Rotor Radius: 36 feet
Blade Twist(theoretical): Nonlinear, 10.460
Blade Chord: 26.0 inches
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Number of Tail Rotor
Blades: 4

Tail Rotor Speed 850 RPM
Blade Type: Constant Chord, NACA 0012
Blade Chord: 15.4 inches
Tail Rotor Diameter: 16 feet
Stabilizer Type: NACA 0012
Stabilizer Chord: 56.0 inches

Span: 103.0 inches
Area: 40.0 square feet

Angle of Incidence: 0 degrees
Gross Weight: 47,000 pounds

Gross weight changes were accomplished using a water
ballast pallet.

Measurements

The following parameters were measured and recorded
on an on-board magnetic tape data acquisition system.
An asterisk indicates that one of those parameters
was also telemetered to the Sikorsky ground station
for real-time monitoring of the aircraft's performance.

* Pushrod Load (2)
* Stationary Star Loads (2)
* Rotating Scissors Load

Stationary Scissors Load
* Main Rotor Blade Stresses (5 edgewise and

5 flatwise)
Main Rotor Blade Flapping (2)
M* ain Rotor Blade Pitch (2)
Main Rotor Blade Hunting (2)
Pitch, Roll, and Yaw Rate
Pitch, Roll, and Yaw Acceleration
Collective, Lateral, and Longitudinal* Stick

Positions
Vertical Vibration at Pilot's and Copilot's

Stations
* Vertical Vibratior. at the Main Gearbox

Lateral Vibration at the Pilot's Station
* Load Factor at C.G.

Rotor Head Camera

Base-Line Flight Results

Four flights, all at 41000 lb gross weight, were
required to meet all test requirements. Aircraft and
instrumentation problems, as well as turbulent air
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conditions precluding accurate setup of the required
flight conditions, increased the number of flights
required. The data obtained on these flights were
used as base-line points and are summarized, with
pertinent flight data, in Tables IV and V.

Of the conditions flown, the 115 kt, 96% rotor speed,
level flight point was the best stall condition from
the standpoint of uniformity and repeatability. The
maximum pushrod vibratory load observed was about
+2100 lb. This is lower than some stall results
observed in the past on this aircraft, but the typical
stall-flutter characteristic was observed in the
pushrod time hi. tories and was therefore adequate for
base-line purposes. Analysis of these conditions
appears in the next section.

Part 2 - Stall-Flutter Damper Flights

The purposes of the stall-flutter damper flights were to:

. Buildup to the required test conditions through
several steps in gross weight, airspeed, and
altitude.

. Obtain spring-damper pushrod and aircraft
performance data at 47000 lb gross weight and
2000 ft density altitude.
Repeat the test conditions run in the baseline

flight.

Installation of the Stall-Flutter Damper System

Each damper was installed with the same rotor blade
and on the same relative spindle as on the whirl
test. Hoses and accumulators were installed as on the
whirl test with some improvement in the securing of
lines and fittings. The installation is shown in
Figures 23 and 24.

The damper lengths were adjusted to suit the aircraft
rigging requirements, which include a 3-inch split-
track (three alternate blades tracked 3 inches higher
than the other three). The subsequent tracking run
showed an out-of-track condition which was corrected
using electronic blade tracker data. Two ac'itional
runs were required to reduce the out-of-track
condition to about 1 inch, which is acceptable.
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TABLE IV. FLIGHT TEST CONDITIONS

Initial Nominal Rotor
Fit. Aircraft GW Data Airspeed Speed
No. Config (ib) Point (kt) (%) Flight Regime

Standard 48,000 1 0 100 Hover

2 90 100 Level Flight
3 90 100 300 Right AOB
4 90 100 300 Right AOB
5 i00 100 Level Flight
6 100 100 300 Right AOB"
7 100 100 300 Right AOB
8 15 100 600 fpm Descent

2 Standard 48,000 1 90 ±00 Level Flight
2 100 100 Level Flight

3 90 100 300 Right AOB
4 90 100 300 Left AOB
5 20 100 800 fpm Auto.

3 Standard 48,000 1 0 100 ifovar
2 90 100 Level Flight
3 i00 100 Level Flight
4 110 100 Level Flight
5 110 100 Level Flight
6 115 100 Level Flight
7 100 96 Level Flight
8 110 96 Level Flight
9 115 96 Level Flight

4 Standard 48,000 1 0 100 Hover
2 110 96 Level Flight
3 115 96 Level Flight
4 90 100 300 Right AOB
5 90 100 300 Right AOB
6 100 100 300 Right AOB
7 110 100 300 Right AOB

110 100 3Q0 Right AOB
9 110 100 300 Right AOB

10 115 96 Level Flight
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TABLE !V - Continued

Initial Nominal Rotor
Fit. Aircraft GW Data Airspeed Speed
No. Config (ib) Point kt) (%) Flight Regime

5 Spring- 37',000 1 0 -- Rotor Engagement
Damper 2 0 9. Grcund Pun
System 2 0 96 Ground Pun
installed 0 0 Ground Run

5 0 50C Ground Run
0I0 Taxi
0 105.5 Overspeed
0 -1100+ Accel
C,0 00+ Accel, Dece!

1r C 100 Long. Reversal

! !00 Coll. ýeversa-

100 ;'Ov. er esv

C. 105 'Hover

iC 0 95 Hover
17 0 100 Long. Reversal

i•-0imo0 Right Sideward Fit
100 Right Sideward Fit.I•20 100 Left Side•-ard Fit.

20 20 1OC PRearward Fit.
C .. .O Collective Pulse

... 9 Across Field
�1 00C A2ross Field

3 110 Pattern Circuit

ig .2000 0 1C Hover
Daw.per 2 100 Long. Reversal
System 0 105 Hover
Installed 4 95 Hover

5 h5 100 Across Field
6 60 100 Level Flight
7 80 100 Level Flight
8 100 100 Level Flight
9 TC 100 Approach
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TABLE IV - Continued

Initial Nominal Rotor
Fit. Aircraft GW Data Airspeed Speed
No. Config (lb) Point (kt) (%) Flight Regime

7 Spring- 48,000 1 0 100 Hover
Damper 2 0 100 Long. Reversal
System 3 0 105 Hover
Installed 4 0 96 Hover

5 0 96 Long. Reversal
6 40 100 Across Field
7 40 100 Climb
8 60 100 Level Flight
9 70 100 Level Flight
10 80 100 Level Flight
11 90 100 Level Flight
12 100 100 Level Flight
13 110 100 Level Flight
14 115 100 Level Flight
15 60 104 Level Flight
16 90 104 Level Flight
17 60 96 Level Flight
18 70 96 Level Flight
19 80 96 Level Flight
20 90 96 Level Flight
21 100 96 Level Flight
22 110 96 Level Flight
23 115 96 Level Flight
24 70 100 Long. Reversal
25 0 100 Hover

8 Spring- 48,000 1 0 100 Hover
Damper 2 100 100 Level Flight
System 3 0 100 Grd. Res. Flat Pitch
Installed 4 0 100 Grd. Res. 20% Torque

5 0 100 Grd. Res. 30% Torque
6 0 100 Grd. Res. 35% Torque
7 0 100 Grd. Res. 40% Torque
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TABLE IV - Continued

Initial Nominal Rotor
Flt. Aircraft GW Data Airspeed Speed
No. Config (ib) Point (kt) (%) Flight Regime

9 Spring- 48,000 1 0 100 Hover
Damper 2 100 100 Level Flight
System 3 110 100 Level Flight
Installed 4 115 100 Level Flight

5 90 96 Level Flight
6 100 96 Level Flight
7 110 96 Level Flight
8 115 96 Level Flight
9 90 100 300 Right AOB

10 100 100 300 Right AOB
11 110 100 300 Right AOB
12 115 96 Level Flight
13 115 96 Level Flight
14 70 100 Long. Reversal
15 90 100 Long. Reversal
16 100 100 Long. Reversal
17 110 100 Long. Reversal
18 100 100 Fwd. Pulse
19 100 100 Aft. Pulse
20 100 100 Left Pulse
21 100 100 Right Pulse
22 110 100 Fwd. Pulse
23 110 96 Fwd. Pulse
24 110 96 Fwd. Pulse
25 115 96 Fwd. Pulse
26 110 100 300 Rt. AOB, Fwd

Pulse
27 60 104 Level Flight
28 90 104 Level Flight
29 60 96 Level Flight
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Density
Flight Run OAT Alt. RPM CAS Altitude WeightCondition No. No. (°C) (ft) (%) (nt) (ft) (Ib)

3 8 43 2580 101 88 1700 1.7340
+4 2670 101 95 1950 :7230

10 +4 2680 101 105 1950 471 0Base-Line 11 +4 2540 101 103 1800 46900Flight 12 +4 2580 101 107 1850 L681r
13 +4 2520 96 96 1750 L6630
In +4 2460 96 105 1700 ,6r6o
13 +3 2440 97 i05 1600 4E5C5

4 21 +4 2800 97 103 2100 47420
Base-Line 21 +3 2800 97 106 2000 47L20Flight 22 +4 2220 97 106 !400 L737

29 +3 2400 96½ 1i0 1506 w6380

9 3860 100 9 18CO ;_.I39 - 3850 100 104 180" i"7a60
40 -8 3850 100 11. 180c 4'"28C

11 -9 3810 100 ill 1750 L7L4C
12 -9 3820 96 86 1760 ra
13 -9 3820 96 97 V760 46910
4L -o 3810 96 106 1750 6015 -9 3770 96 112 1700 L6670Spring-Damper 29 -9 3980 96 112 2000 LC.L1Flight 20 -9 4020 96 208 20.0 45990

3L -9 1.120 10l 60 2100 45720
3- -9 '130 1O4 88 2110 L5680
36 -10 4070 100 62 1950 L5620
37 -10 0o6o 100 73 1940 L5590
36 -10 4070 100 79 1950 45039 -9 4o4o 100 87 2050 45550
4o -11 4020 96 63 1800 -5520
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"TABLE V. 1L1GHT TEST DATA SUIMARY

ie v Vibratory Vibratory Vibratorys
A dioad ETS ushrod Load RLSS Blade Stress

.; ,'Factor (b7,500) (1b, (ib) (psi)

NB-6 L-6

B ..-- . 500 2300 2400
" " =2".0 27• 550 2500 2600
5 13 ---. 01 268 1200 700 2900 3000
•3 1='C-"0O !.01 271 1200 400 2700 2700

170 i.t- 12 2.00 263 1300 500 2700 3000
-':3C 1.C2 .-5 2900 3000

5 Q: - .: 256 1:.OC 1700 2600 2500
!5 "-c .-. 2 " ;'0' O. 800 2800 3300

-3 22:".500 32 0 0
2:Cc L7.20 1. O0 23, 100 2700 3300

.-: - 1..902 '1,', 314, .800 3100

0 3700 2700 3300

.£.-".. • , .... t •,J,00 2500,50
-- "1.00 2] t(u 2300 300C

- ,3,"j 2900 3300
-, 03300

.ou 2r00 2700
.9 269 15u0 9500 3000

""..1500 og 2O3 2800 3300
1 1500 2300
"L70 1- .00 247 1800 2300 2900 3100

2,-2,00 .. i.EO .. 7 251 1500 2100 j900 2900
2-C L 5990 1.00 2300 2000 2950
200 .1 5r20 1.00 324 500 C 40 2200 2200

2-1 ~ 1.02. 297 800 40O 2400 2000
"1 L,.2. .I1 500 500 2000 2600

3 1. 0! 296 600 500 2500 2500
9 1950 557,0 1.02 292 700 500 2500 2300

2050 1-5550 .;8ý 299 700 400 2500 2300

3800 L 5520 .I C0 294 600 600 2400 3150



:: . j K 4 14',,. , ct.4i d4 -i s-,, i f

II

;ib ory Vibratory Vibratory Pushrod Control Vibration
D S Blade Stress Displacement Positions at Pilot's Station

•) (psi) (in.) (%) (irsec

NB-6 L-6 Long. Lateral Vertical Lateral

O 2300 2400 - 66 53 0.5 0.7
50 2500 2600 - 67 52 0.8 0.8

0 2900 3000 - 72 52 0.8 0.8
0 700 2 700 - 70 53 0.8 0.8
0 2700 3000 - 72 52 0.8 0.8
0 2900 3000 - 72 50 0.7 0.8
0 2600 2500 - 75 50 0.7 0.6
o 2800 3300 - 76 48 0.9 0.6

0 2500 32)0 - 72 48 o.4 o.4
0 270C 3300 - 73 49 0.4 0.4
0 280C 3100 - 78 47 0.7 o.4
0 "70C 3300 - 78 48 0.7 0.4

0200 2500 .J02 68 52 0.7 0.7
00 2300 300C .123 73 55 0.6 0.7
0 2900 3300 .157 80 57 0.7 0.6
0 3000 33"0 .16o 78 58 0.7 0.7
0 2500 2700 .105 70 52 0.3 0.5
0 2500 3000 .138 77 52 0.7 0.6
0 2800 3300 .185 84 52 0.7 0.5
O0 2900 3D .208 26 58 1.2 0.7
0o 290C 200 .187 86 52 1.0 0.6
0o 200 2•5o .195 86 50 1.0 0.5
0 2200 2'0C .070 62 50 0.6 0.3
0 2LO0 2000 .093 rt 54 o.4 0.6

2000 2600 .o6o 63 50 0.3 0.4
0 2500 2500 .060 62 47 0.6 CA
0 2500 2300 .077 61 53 0.7 0.3
0 2500 2300 .087 66 54 o.4 0.6
0 2400 3150 .070 63 45 0.3 0.3
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r'igure 24. Spring-Damper Systen
Flight Aircraft Installation.
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Measurements

In addition to the measurements listed for the
base-line flights, the following parameters wererecorded and telemetered:

Stall-Flutter Damper Displacement (2)
Stall-Flutter Damper Tempezrture
Damper System Fluid Pressure

Stall-Flutter Damper Flight Test Results

A total of five flights was required to meet all the
test objectives.

The first flight was flown at the light gross weight
of 37,000 lb and consisted of yard and pattern work
(see Figure 25). Flight characteristics were normal
and all loads and displacements were low. A second
buildup flight was conducted at 42,000 lb with similarresults.

The third flight was conducted at 47,000 lb, but
weather and instrumentation problems precluded
acquisition of final data. Flight characteristics
were normal and loads and displacements were again low.
The fourth flight was also aborted due to turbulence,
;nd test results were similar.

Conditions were good for the fifth damper flight
(Flight 9 of the program) and all the required data
was obtained. The conditions flown and the pertinent
flight parameters are shown in Tables IV and V. The
pilots reported that the aircraft behaved normally
in all regimes of flight, and the vibration in stall
was about the same. Analysis of the data, however,
showed that significant reductions in control loads
did occur, as shown in the next section.
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ANALYSIS OF PERFORMANCE

Comparative analysis of base-line and damper flight test data
indicates the following major results:

* There is no control load evidence of stall-flutter
with the spring-dampers installad.

* High-frequency rotating pushrod loads are reduced by
almost 50%, although peak-to-peak loads are only
slightly reduced, due to some increase in the lower
frequency harmonics.

* Stationary control loads are reduced by more than
40% overall.

* The effects of blade stall on the CH-54B helicopter
equipped with the stall-flutter spring-dampers are
otherwise the same. Blade stresses, performance,
handling, and vibration are unchanged.

ERITS Comparison

The ERITS parameter (Equivalent Retreating Indicated Tip Speed)
is used as the basis for comparing specific data bursts from
the base-line and damper flights. ERITS is a normalized
retreating blade tip speed which takes into account the
aircraft gross weight and the density altitude at the moment
of the data burst. All ERITS data in this report is normalized
to a gross weight of 37,500 lb, which was used as the standard
in the CH-54B structural substantiation work. The ERITS
relation is therefore

(Rotating Tip Speed xtAir Density Ratio) - CAS
ERITS = •

Load Factor x Gross Weight
37,500

Two flight test conditions are chosen for point to point
comparisons: 110 kt and 115 kt airspeeds at 96% rotor speed,
47,000 lb gross weight and 2000 feet density altitude
inominal conditions). Referring to Table V, the nominal 110 kt
comparison is between run 21 of flight 4 (ERITS = 255 kt) and
run 14 of flight 9 (ERITS = 254 kt). The 115 kt comparison
is between run 29 of flight 4 (ERITS = 248) and run 15 of
flight 9 (ERITS = 247). In each case, typical measured time
histories were chosen from data bursts with rigid pushrods
(flight 4) and with spring-dampers installed (flicht 9).
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Comparison of Rotating Pushrod Loads

Flight test time-histories of rotating pushrod load for
rigid pushrods and for the spring-damper pushrods are shown
below in Figures 26 and 27.

TEST CONDITION: 42,000 I8 GW, 110 KT, 96% N R, 2000' ALT.

RIGID PUSHROD

SPRING-DAMPER

fI A I

TENSION | + 1650 LB

tJl IA I~i+ +14501 IS

PUSHROD I. I t I

LOAD, L , .

I f I

0 90 180 270 360 90 180

BLADE AZIMUTH, DEGREES

Figure 26. Rotating Pushrod Load Comparison,
113 iKt.
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--- m -RIGID PUSHROD

SPRING.DAMPER
TEST CONDITION: 47,000 1.1 GW, 115 KT, 96% NR ,2,000' ALT.

~ A7

TENSION I

+ 1850 L

PUSHEOD Ajg
LOADAS 1,I

%~ A±2100 L

Is
~EFI a I %g

I I I

90 180 270 360 90 180

BLADE AZIMUTH, DEG

Figure 27. Rotating Pushrod Load Comparisor,
115 Kt.

The rigid pushrod record exhibits the high-frequency
oscillation beginning on the retreating side which is
characteristic of the stall-flutter phenomenon. This
frequency can be seen to be 7 or 8 per rev and compares well

with the calculated system "torsional" natural frequency of

7.4 per rev. A spectral analysis of the data burst which
contains this cycle was conducted and the result is shown
in Figure 28. The data burst did not contain sufficient
stall-flutter cycles to identify the torsional frequency;

however, the predominance of several higher harmonices is

seen.
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.---rF- W F-I:1"iI T j1-"1 T1--'------1---T-F --T----
3 0 TEST CONDITION: 47.000 LS GW, 115 KT, 96% N 2000' ALT.

I -- : .. . .I

1300 ' --.. .4-.

1100 I I :- -

. I i I 1*| ! I

900- ~ i-

S... ..... . .... " ' --.1 .
'

800 - . --

VIRATORY

ROTATING "- . "

PUSHROD.._. . :

- I ~500-LOAD, ±LB 2i

,o -" • ... [ •- -- "

200 " -- -- i

I I ij L

0 12
0 10 20 30 40

FREQUENCY, H-

Figure 28. Spectral Analysis, Rigid Pushrod Load.
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The spring-damper pushrod record shows a sharp attenuation
of the higher harmonics, and for these cycles, shows a
reduction in the overall load. The spectral analysis for this
case is shown in Figure 29.

TEST CONDITION: 47,000 LB GW, 115 KT, 96% H ,2,000- ALT.

1100 -

1000 "

9W.

So .. . .. .

00-

PUSHRD 6W ... .
400 - - "

.... .. . .. .

071C-.'----

Figure1. 29 SpcrlAnlss Srn-ame od

ROTATING "'V."

I I.

LOAG,__ __.B.

A..
I _ "

pg-- --

300i I...... .I

20 ---

. .. . . . . . ....

100 --- --

FREQUENCY,* HE

Figure 29. Spectral Analysis, Spring-Damper Load.
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The harmonic contents can be compared by plotting the ratio
of damper load to pushrod load against frequency for the same
flight condition. This plot is shown as Figure 30, where
frequenzies above 4 per rev are seen to be attenuated by as
much as 47%. An increase in the less-damaging 2 and 3 per
rev harmonics is also seen, cancelling in part the reduction
in overall load uue to the lowering of the higher harmonics.

TEST CONDITION: 47,000 LB GW, 115 KT, 96 % NR,2000' ALT. :::i

-6 •.:*t.j.:• ..;: .' :•.u :' . '::J "". . : :•:t:.-. :2;f

RATIO ,' ....: "' ,...-..'" -: ,-
D.A P LOAD . ...:; "i:...* i.:::::.:.

I _| /z • !.; :.!"•:,:!. • .; !..... .....,...

.8T

DAPESRO LOAD o i4 -I.2:
.. . . . .. ... .. .I

-1-16

P---H-OD LOAD"" . 1"

.- ---- - A -"-'- I -_I , :-' " :•:

0 1 2 3 4 $ 6 7 8 9 10

HARiONIC FREQUENCY, PR RIEV

Figure 30. Rotating Control Load Harmonics

Reduction.
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A plot of rotating pushrod load against ERITS is shown as
Figure 31. The solid line represents the large number of
data points obtained in the CH-54B structural substantiation
flight test program, obtained by automatic data processing.
It has been recognized that this method produces conservative
results due to its treatment of load factor. Manually read
points are generally lower, as indicated by the base-line test
points in Figure 31. The spring-damper points show a trend
that is generally lower than base-line points, but no firm
quantitative conclusion can be made.

CH54B STRUCTURAL SUBSTANTIATION FLIGHT TEST RESULTS

0 BASE-LINE FLIGHT TEST DATA
-,- i .. A SPRING-DAMPER FLIGHT TEST DATA

Ti2i 1  I.- I *:

3Io i I. : • ] ' I II

I * •..ji i:
3500I -

VIBRATORY - I

PUSHROD ~
ROTATING 2500 ..... - 1_ 7

2000 . ....1...2.... .i....-... ...... .... T-. . -

LOAD + LB

1500 ----

PUSHOD iI -.... , * !, •,

S, I . . 8.;

L A ,+ . .. 4. .. . .. i.. - - . .. .:.-I.- _ ..: -'

j t I i. - 260,;i,•-.

0300 240

ERITS KNOTS

Figure 31. Pushrod Load Against ERITS.
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Comparison of Stationary Control Loads

Flight test time-histories of right lateral stationary starload for rigid pushrods and for spring-damper pushrods areshown in Figure 32. These records show the dominance of the
6 per rev response in a 6-bladed rotor when rotating control
loads provide a 5, 6, and/or 7 per rev excitation.

TEST CONDITION: 47,000 LB GW, 115 KT, 96% N R ,2000" ALT.

+ 3320 LB

RIGHT

LATERAL

STATIONARY

STAR LOAD

WITH

RIGID PUSHRODS

j 2030 LB

RIGHT
LATERAL

STATIONARY
STAR LOAD

WITH
- PUSHROD

SPRING-DAMPERS

Figure 32. Comparison of Stationary Control Loads.

The spectral analyses for tnese are shown in Fig 'res 33 and 34.
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I TEST CONDITION: 47,000 LSGW,115 KT, 96% N R, 2000ALT..

26001-1

2400 --

2200 ... V
1 00. .. ... . . . ....

CO NTROL• :. .. ,: . .-: .. .: l: i.:.. 1

I-i' . • ... .................. ....................... .....

low0 ,,. -7 • . . o . . . J . . ... .. ..

.. .. ... .... -..

VSRATA O Y .. .... .. .l....

ST iONAD, UI 2OO -- - "- " ' ; "i" :; ....... ..... .... .. ..

4.t

' • •:!•!!! ! _ i.:1 .. 4•,.:I, • :I::t-:.• :: .t:i::

S~~~~~~~. .. ........_. "!7'i!i. .. ."..:-it: .'i 7; {
S.... . -: 7. ':l: . :l :il~ ~i;.-~ ~l .:: 7T i.i

• : .: . " " • i* :' i] • ': .. ." : -. • ; "; ." .: f

............... ....•,:, jK*.::l!:!•i.i•-iit:.[!•t. .-;
o • r•I !7 - t• - :,-- :,.-..•.,.... ,........

0....J. I - 1 1 "i~ii:'t'::+7"F"I[:+i-!1i
0 10 20 30 40

FREQUENCY H&

Figure 33. Spectral Analysis, Stationary Control
Load With Rigid Pushrods.
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TEST CONDITION: 47,000 L6 GW, 115 KT, 96% N 2000' ALT..

V~la, ORY 1200

STATIONARY

CONTROL 10
LOAD, t: L8

400 .. ..

4R ... . ..

0 10 20 30 4I1

FREQUENCY, H&

Figure 34. Spectral Analysi~s,, Stationary Control
Load With Spring•-Damper Pushrods.

The reduction in the stationary 6 per rev with the dampersinstalled is seen to be 45%, and can be attributed to thesharp reduction in the 5. 6, and 7 per rev in the rotating
systenz.
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A plot of stationary control load against ERITS is shown as
Pigure 35. The sharp knee, characteristic of this plot, is
seen to be unchanged by the damper installation/ but as the
aircratt goes deeper into the stall region, the frequency
changes occur and the l3ads are reduced.

CH-548 STRUCTURAL SUBSTANTIATION FLIGHT TEST RESULTS
0 BASE-LINE FLIGHT TEST DATA

,.in...., -. .. A SP•ING-DAMPER FLIGHT TEST DATA

................................. :: .......

A2 30 020 4

........--.. .-. .-. T...... ........... -COTRL 4000 2*i

4 c~LAD, LS ~i

1000.....

CONRO 2000 20 26 24

Fiur 3. SainrCotoLadA ist -RTS
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Analysis of Spring-Damper Characteristics

In order to make a valid evaluation of the stall-flutter
spring-damper concept, an estimate of the actual spring and
damping characteristics occurring in flight must be made.
A ty'pical flight test spring-damper relative displacement
time history, along with the corresponding load history,
is shown in Figure 36-

TEST CONDITION- 47,000 LB GW, 115 KT, 96% N R ,2,000' ALT.

S-TYPICAL PHASE SHIFTS

TENSION
S~I

SPtING.DAMPER _ 1850;
LB

LOAD, LB

EXTEND

±" .212 IN.

SPOING.DAMPER

RELATIVE
91S5P1ACEMEN?,

I i m u
0 90 180 2-70 360

TAIL NOSE TAIL

SLADE AZIOdTH, DEGIM.S

Figure 36. Spring--Damper Displacement and Load.
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This data may be used to determine spring and damper
characteristics, but due to the complex excitation and the
frequency-sensitive nature of the spring-damper, the following
results must be considered as only an estimate.

The spring-damper impedance is found by simply dividing peak-

to-peak load by peak-to-peak displacement. For the overall
cycle, the impedance is 8700 lb/in. and varies up to 14,000
lb/in. for the higher frequency component cycles. An
impedance of Lbout 10,000 lb/in. was found in several cases
near 18Hz, and this compares well with lab test data.

A typical phase shift for the higher frequency component
cycles is 400, which results in damping rates between 70 and
100 lb-sec/in. The phase shift for the one per rev component
is 60, yielding a damping rate of 40 lb-sec/in. Again, these
figures are consistent with lab test data.

Comparison of Aircraft Handling Qualities

In general, the handling qualities of the aircraft were
unchanged. Pilot's reports indicate that the aircraft
exhibited the characteristic increase in vibration, difficulty
in imaintaining airspeed, and forward control motion required
when approaching a stall condition in both the base-line and
spring-damper flights. The stalled condition of the rotor
appears unaffected by the installation of the spring-damper.
blade stresses and blade motions (except for the stall-flutter
torsional oscillation) are virtually the same in each case.
Analysis of the flight test data also indicates that cockpit
vibration levels are unchanged, as shown in Figure 37.

The effect of damper motion on the control system can be seen
in the plots of control positions against airspeed (Figure 38).
The lateral control is seen to be unaffected, but as much as
l0 more forward longitudinal control is required when flying
at the 115 kt, 96% Nt reference stall condition. The use of
up to 90% of the available control motion in a level flight
condition would be unacceptable if it were within the normal
flight eavelope of thý' ;rcraft.

A correlation between the observed damper motion and the
required control position may be shown as follows. The
observed damper motion of +0.208 inch is made up of damper
ex'ension when on the rotor's advancing side (900 azimuth)
and damper compression on the retreating side (2700 azimuth).
Since identical one-per-rev blade pitch motions are required
to produce identical flight conditions, the swashplate
position must be changed to compensate exactly for the damper
motion. Working in terms of blade angle, tlhe +0.208-in.
motion on an 8-in. arm would produce a +1.50 blade angle
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change. This correlates with the control system rigging on
the CI1-54B, where a 10% longitudinal control change produces
about 2.70 of blade angle change, or +1.350. The control
correction required is longitudinal since the effect of a
blade pitch-change input is felt 90. later in azimuth, whether
it is the spring-damper motion or the control system motion.

Aeroelastic Analysis of Flight Test )ata

Three additional computer analysis conditions were run, using
test conditions actually observed in the flight tests. The
methods used are the sane as described in the Analytical ---sign
section (which are based on the work of Reference 9), with the
exception that a calculated lift higher than the gross weight
actually flown is used. The amDlitudes of pushrod load
predicted were much lower trnan observed using the correct
lift, and since the corinarison with and without the spring
daimuners was of primary interest, the calculated lift was
increased to produce agreemnent.

Fig.ure 39 shows pushrod loaJ vs azimuth for the 115 kt,
96% iR reference condition for conventional pushrods as
generated by the aeroelastic analysis and as observed in the
base-line flight. The analysis again shows a good correlation
in wave shape with test result. Using this as a basis for
comnarison, two sets of darmper characteristics were run:
a s:,rinJ rate of 5)')0 ih/in.with dacpincg rates of 79 and 49
lb--sec/in. Theiz values had been determined as likely
levels of these parameters in the flight tests.

Figure 40 compares the 70 lb-sec/in.damping case with test
results, and Figure 41 compares the 40 lb-sec/in, damping case
with the same test result. A good correlation in wave sha'e
is obtained in both cases, with the lower damping case perhaps
being5 slightl'y better. The sharp reduction in amplitude over
the rigid puslirod case as Nredicted by the aeroelastic
analysis ho-ievor, is again not achieved in practice. It
should be noted that the aeroelastic analysis assumes that all
blades and spring-dampers are identical, which is known not to
be the case. Difference amoung spring-dampers would at least
contribute to the one-per-rev component and perhaps the
harmonics as well.
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* TIENSION 1

±2275 LB

DERIVED CONVENTIONAL
PUSHROD LOAD

AT 115 Kt,96%NR

(LIFT=51,925 1b)

+ 2100 L.

ACTUAL CONVENTIONAL

* PUSHROD LOAD

AT 115 Kt, 96%Nt

1GW =47,000 1b)

I I-
0 90 180 270 360 90 M10

SLADE AZIMUTH, DEGREES

--iqure 39. Comparison of Actual ard Derived
Conventional Pushrod Loads.
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DERIVED
TENSION SPRING-DAMPER

PUSHROD LOAD,

C=40 LI-SEC/IN.

(LIFT: 49,661 .11;

V
t 1400 LB

ACTUAL

SPRING.DAMPER

PUSHROD LOAD

(GW =47,000 I•i)

+1850 Lb

I I . . . . I I I

0 90 180 270 360 90 180

BLADE AZIMUTH, DEGREES

Figure 41. Comparison of Actual and Derived
Spring-Damper Pushrod Loads, C = 40.

75



CONCJLUSION S

It is concluded that:

1. Stall-flutter spring-damper pushrods located in the
rotating control system effectively reduce stall-
induced Iiigh-frequency rotating control loads by almost
50% and overall stationary control loads by more than
40%.

2. Based upon measured data as well as pilots'
observations, the spring-damper ptshrod system does
not significantly alter the performance or handling
qualities of the CIi-54B helio~pter.

3. The flight envelopes of some types of helicopters
(specifically, maneuverable and/or high-speed helicopters
whose primary envelope, limitations are fixed by control
load limits) can be expanded by the installation of
stall-flutter spring-damper pushrods.



00r

RECOMMENDATIONS

It is recommended that:

1. The stall-flutter spring-damper pushrod concept
be evaluated in a production configuration.

2. The application of the spring-damper pushrod
concept to high-speed helicopters, with the intent of
reducing control system weight and expanding flight
envelopes, be investigated.
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S~APPE"IIX

WSTP.UCTUPNAL AN'ALYSIS

The followin,- discussion outlines the structural analysis of
metal components used in the CH-54B stall-flutter spring-
damper pushrod. The analytical fatigue and static strength
of these components is equal to or greater than the
substantiated strength of the existing CII-54B rotating
pushrod.

The fatigue allowable stresses used are derived from
Sikorsky Enginecriny ..euort No. SER 50586, "Patigue Properties
and Analysis" (Reference 10), which was used to derive
allowables for the CII-54B rotor system structural substantia-
tion. The analysis is conservative, as it does not take
into account the expected reduction in control load.
Preliminary analysis indicates that the following parameters
are similar for all coriponents, and are assumed constant.

"* Size Effect Factor, fs = 0.70

"• Surface Finish Factor, fSF = 0.80

"* Reliability Factor, 3a, f? = 0.70

"• Small Specimen Endurance Limit, E = 70,000

All structural components are machined "hog-outs" of 4340
steel, heat treat - 150,000 psi, except for the orifice
plate (aluminum). Cracking of this component will only
result in some Loss of damping without reducing tie
structural integrity of the spring-damper. In addition,
since the size of the orifice plate is dictated primarily
by the size and location of the orifices and check valves,
stress levels due to pressure differentials are low. The
structural analysis of this component is therefore not
inc'.uded.

All parts considered in this appendix are identified by their
Sikorsky part number or by military part number.
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COMPA-RISON OF EWR 33111-043 ROD EU!
ANDPRODUCTION CH-54B ROD END P/N 64107-11006

EWR 33111-043
.20 DIA.

PUS+O 1.874LOAD -PP.L- -,-A - REA (A-A) J= fl _
2.521 IN. _• ___ _ .815 DIA. " -

3.48 i • -- 750

P/N 64107-11006

1.8T8 DIA. '175-320S

.785 DIA.

\ • __j• / I ... .._ (-
.4- fr ~AREA(A)

[L'A .291 IN. 2

1.20 DIA.

MATERIAL = 4 34 0 STEEL HT = 150,000 PSI

Figure 42. Rod End Structural Analysis.
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Based on previous fatigue test results, section A-A is

critical.

Production Rod End

AAA = 0.291 in. 2

fAA = 3.436 PRL

Spring-Damper Rod End

AAA = 0.521 in.

fAA = 1.q19 PRL

Increase in Strength:

(3.436/1.919)-l = Pf%

INNER SHAFT, EWR 31i49-101

B Lq:.75 PRL

q q q

q q q
"SECTION

/ B B-B

6R BB 3.05 PRL 0. D. 1.10
I. D. = .890

EA =.328IM. 2
MATERIAL, h34O STEEL
FTLU = 150,000 PSI

Fiqure 43. Inner Shaft Structural Analvsis.
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'qtress Concentration ?actor, Kiy

KT = 3.0 (Reference 11)

Notch Sensitivity, Kf

Kf = 2.3 at i07 cycles (Reference 10)

Therefore, the working endurance limit, PRL (3a) is:

PRL (3D) = [E X fSF X fs X fR X (I/Kf)1/3.05

or PRL (3a) = + 3910 lh

MIDDLE CYLINDER - r!R 31449-104
p = CIRCLRJFUEFNTIAL LOAD

1~110
.100 I0

.125R

2.70 DIA.

..- - A~n =CIRCUMFERETIAL MOMETNT

q = CIRCUMFERENTIAL SHEAR

. q = .25 PRL.
FVU = 150,000 PSI

e = .20 IN.
= .0016 IN. p = .25 PRL/( fx 2.70)

fb = mR/ = 5.05 PRL p = .029 PRL/IN.

m = pe = .006 PRL iN.LB/IN.f = p/t =.29 PRL
a t = .100 IN.

ftotal =b + fa = 5.34 PRL R = 2.7/2 = 1.35 IN.

Figure 44. Middle Cylinder Structural Analysis.
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Assume ring under uniforn rollinq moments (Reference 12).

-Stress Concentration, KT

!T = 2.n (Peference 11)

Notch Sensitiviti,, %f
Kf = l. at 107 cycles (Deference 10)

Therefore the uork-inct endurancp limit, PPL (3a) is:
PRL (3P) = [E X fq X fsP X fR X(!/Kf)]/5.34

or PRL (3a) = + 322n lb

M¶AIN HtOUSINGC -D

EWR 33111-111 Z,

.25 %.. .,ALT - 434o STEEI
PRL r'70= 150,000 PSI

.75~ PRL

___--q______SECTION D-DCRITICAL
L .t = o9o A -= 1.15o' IN. 2

z qo = .25 PRL
Lqi = .75 PRL

PPL = FRC = .078 PRL/INICH OF CIRCUMYFRF.NCE

oo PRL= .078 PRL =.87 . AXIAL
t .090

NOTE:
ASSU!.M ECCENTRICITY IN1DUCED BFNDING M040MNTS
AT SECTION D-D ARE REACTED BY "0" RING LIP
OF ALUMINIIU1. ORIFICE HOUSING

Figure 45. Main Housing Structural Analysis.

84



- ... o-- -- _

IiStress Concentration Factor, KT

KT = 1.5, due to flange transition (Reference 11)

"-"Notch Sensitivity Factor, Kf

Kf 1. 3 (Reference 10)

Therefore the working endurance linit, PRL ( 3 r) is:

PRL (3o) = [E X f X f X f X (l/Kf l10. 8 7

or PRL (3o) = + 24,250 lb

CQNE/FIA!NGE ATTACHMENT BOLTS (8') -NAs-624i-8 (k¼-28)

.27 U

0 0

BLT MNOR DIA. .2062 IN.

AREA = .033h IN.2
BOLT LOAD = PRL/8 = .125 PRL + P

0
P m = .125 PRL (-47-) = .212 PRL

0 .27
BOLT LOAD = .336 PRL

£ =336 PRL = 10i.0 PRL (TENSICN ONLY)
'BOLT=.03

Figure 46. Cone/Flange Attacbnm.nt Bolts
Structural Analysis.
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. Stress Concentration Factor, KT

K= 4.5, thread root radius (Reference 11)

N Notch Sensitivity Factor, Kf

Kf = 2.0 for R=O (Reference 10)

Therefore the working endurance linit, PRL (3a), is:

PPT (30) = [E X f. X fSF X ER X (i/Kf)]/10.0

or PRL (30) = + 1500 lb

Since the bolts react only tensile control loads, the
actual loading is a steady plus and minus an equal vibratory
load. Since the allcwable vibratory is 1500 lb, a peak
tensile load of 3000 lb is allowed. Since the strength in
compression is at least 3000 lb, the strength of the joint
is expressed as + 3000 lb.

CONE A•WALYSIS

To accornLmodate the external accumulator setup, the -109 end
cap is modified as follows:

* Two 3/3-in. holes are drilled into the basic
0.100-in. thick cone.

• Two steel hydraulic fittings are T.I.G. (,ungston-
Inert-Gas) welded to the cone, -inside and out,
concentric with the 3/8-in. holes.

• The assembly is re-heat-treated to 151,000 psi
ultimate and then shot-peened.
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In order to accurately determine the bending stresses

adjacent to tiae weld end hole, a computer progran for the

analysis of shells of revolution was utilized. The end

cap geometry was identified as shown below..+Z
•III

+R0

P--1000 LB

p-6 8 .8 LIN.

Figure 47. Cone Analusis Geometry.
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The direct result of the analysis is sho-qn below:

0.D.
S2.811 Psi

#PRL

CRITICAL , "AXIMU4 AXIAL
STRESS AT I.D,i-• OF CONsE

CRITICAL ELEMENT AT I.D.

/

Si~..
0 5 2.811 PSI

Ci o. 48 Psi

?RL

Fiqjre 48. Cone Analysis Axial Stress Summary.

Based on the analytical "shell of revolution" program, the
naxinum stress at the I.D. is + 2.811 PRL (with no holes or
welds).
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,,'he stress concentration factor, KT, is determine" as follows:
assu:te. the stress concentration of tie 3/3-in.-diameter hole in
the cone is identical to a 3/6-in.-dianeter radial hole in a
thin wall cylinder.

on. 2450" DIA.

.375 DIA. o =.150
Do 2.50 9

SDo 2.50

Figure 49. Deternination of Cone Stress
Concentration Factor.

From Reference 11, KF, = 4.0. Therefore, from Reference 10,
Kf at 108 cycles is ý.0.

In addition to the factors previously used, a reduction is
required due to the weld. A weld factor of 2/3 has been
found to he appropriate in recent Sikorsky experience for
this type of welded structural joint.

The working endurance limit, PRL ý3o), is:

PRL (30) = [E X fs v fsr X fn X fi X (1/Kf)]/2.3l

or PRL (30) = + 2200 lb
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